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INTRODUCTION
This work investigated the feasibility of using the bubble technique to assess effective dose for diagnostic X-rays. The superheated liquid droplet detector (SLDD) has long been widely used to measure radioactive dose of personnel. [1] [2] [3] [4] The bubble approach was originally developed to evaluate neutron dosimetry. Related studies have examined other radiation types. For example, the indigenous bubble as described in Dr. Wang et al. researches, [5] [6] [7] [8] used bubble detectors for neutron, gamma and alpha dosimetry by adjusting ingredients of bubble emulsion or using different compositions of implanted superheated liquid droplets (seeds). The polymer-based SLDD is also believed to enhance performance in practical performances. 9, 10) Polymer-based SLDD is widely used for long-term survey of neutron doses in medicine and in nuclear power plants. Furthermore, following up on Wang et al., Pan assessed the minimum nucleation energy of seeds in emulsion by adjusting the ambient temperature of the bubble detector.
11)
Bubble detectors characteristics depend on the seeds within the emulsion or polymer. Variation in the minimum nucleation energies of various seeds triggers the bubble detector only given a specific radiation level. Furthermore, the bubble detector can be used to measure low linear energy transfer (LET) X-ray if the temperature of the emulsion or polymer is increased to release the ambient pressure. That is, the viscosity of the emulsion or polymer of a bubble detector can be adjusted to make it thinner than conventional detector. The seeds can then be easily nucleated using X-ray beams since energy deposition inside the seeds can still trigger bubble nucleation.
Consequently, the bubble technique is a feasible method of evaluating the effective dose of diagnostic X-ray facility in this situation, since the bubble detectors can be customized by adding unique features and adopted to provide for special needs. This feasibility study assesses the effective dose for diagnostic X-ray using the bubble technique, since the bubble detector enables unique interpretation of radiation dose. The easy readability of bubble counts after X-ray exposure makes this a convenient technique for clinical application by health physicists, and also provides a motivation for considering the feasibility of the optional application of the bubble detector in routine clinical quality assurance. Moreover, because the bubble detector is supposed to maintain reproducibility while being triggered only by X-rays, the following verification process produces a large gap in the practical application of conventional bubble detectors.
Bubble Technology Industries (BTI) recently announced an innovative bubble detector, the BTI-GAMMA.
12) The lower minimum nucleation energy required by this detector makes it more easily triggered by low LET gamma rays and thus the ideal device for this study. However, the use of this detector is not limited to detect gamma rays because the minimum nucleation energies of the seeds are easily manipulated by changing the ambient temperature of the bubble detector. Consequently, maintaining the bubble detector at an optimal temperature throughout the X-ray exposure is essential. The optimal bubble detector temperature not only increases the minimum nucleation energy of the seed, thus suppressing unexpected background counts, but also minimizes statistical uncertainties in the measurement.
Bubble detectors were inserted into a multi-slab acrylic (PMMA) phantom fabricated to simulate various organs. The phantom was exposed to diagnostic X-ray beams using a digital radiography unit to determine the effective dose for one-shot chest and abdomen X-rays. The ICRP-60 report defined the effective dose. The bubble detector characteristics were then examined to clarify their potential applications.
EFFECTIVE DOSE
ICRP committees have been quantifying personal radiation doses for several decades. According to an ICRP-60 announcement in 1990, the protection quantity for personal dosimetry is termed the effective dose, E, and is defined as (1) where ωT denotes the tissue or organ weighting factor and HT represents the tissue or organ equivalent dose and is defined as (2) where ωr is the weighting factor of the incident radiation and DT, r denotes the mean dose of incident radiation of type γ absorbed by the organ or tissue T. 13) Clearly, the effective dose can be determined by directly deriving the equivalent dose for each organ or tissue and, then multiplying the values by the corresponding weighting factors [cf. Eq. 2].
In ICRP-26, only six organs were explicitly assigned ωT values, while the five organs receiving the next highest dose equivalents were analyzed together as a pseudo-organ called the "remainder". 14) In ICRP-60, many more organs than in 
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An Overview
Many works have studied the equivalent dose, H T , for individual organs or tissue exposed to an external X-ray beam or γ-ray radiation field using TLDs (Thermoluminescence Dosimeters), an ion chamber or other detection methods. [15] [16] [17] Twelve tissues or organs are currently recommended by ICRP-60 for assessing effective doses E. Consequently, multiple H T can be assessed either individually by a single ion chamber or simultaneously via TLDs. In doing so, the long processing time, when using single ion chamber or long pre/post processing time for TLDs during dose inspection provide minimal benefits to radiologists or medical physicists. Conversely, the bubble technique can effectively determine multiple equivalent doses, HT. Bubbles detectors treated as TLDs can be inserted in the phantom for each required analysis, and exposed simultaneously via a single X-ray imaging procedure. The reading from the bubble detectors can be taken as rapidly as in an ion chamber via direct visualization.
Temperature Response
Bubble detectors are rarely used outdoors due to uncontrolled ambient temperature of bubble detectors but they perform satisfactorily indoors.
10) The bubble detectors used in this study are fabricated by BTI and have lower seed nucleation energy than similar devices. The low seed nucleation energy generates numerous evaporated bubbles and enhances detection efficiency, since a single incoming γ-ray can create considerable quantities of Compton scattering electrons or photo electrons within the effective diameter of implanted seeds. However, evaporation of superheated seeds can be reduced and linearity maintained by reducing bubble detector ambient temperature, since the minimum nucleation energy of the implanted seed varies inversely with temperature. Figure 1 presents the bubble counts recorded at various ambient temperatures presented as averages across four independent measurements. The bubble detector is deposited into a 1000 c.c. container with a preset temperature for 20 minutes to maintain a uniform thermal response. The bubble detector is then inserted into the acrylic body phantom and exposed to diagnostic X-rays using an SID (Source to Intensifier Distance) of 115 cm at 6.5 mAs and 55 kV. The counts vary significantly with temperature. The correlated percentage count errors at temperatures 21°C, 21.5°C, 22°C and 23°C are 34%, 18%, 14% and 11%, respectively. Therefore, excessively low or extreme bubble detector temperatures are ineffective. If the temperature is too low, bubble nucleation may be significantly suppressed, while if it is too high, unwanted cascade may occur. The extreme counts may be over scale since the maximum readable limit for the bubble readout device, BTI bubble Reader, is approximately 180. Consequently, maintaining the temperature of the bubble detector at either 22°C (for chest PA) or 21.5°C (for abdomen AP) was optimal, since the average counts reaches 32% (44/138 = 32%) or 19% (26/138 = 19%) of the maximum [cf. Fig. 1 ], and the percentage count uncertainty remains acceptable (< 20%).
In addition, Dr. Rashid used the same BTI-GAMMA detector and Co-60, Cs-137 as radioactive sources for conducting a similar measurement to define the optimal temperature. He claimed that the bubble detector had acceptable response for ambient temperature between 21.5°C and 23°C, and the response increased by approximately five-fold [~5 in this work] once the temperature exceeded 23°C.
18)
Linearity Maintenance in PMMA
To further ascertain bubble detector can be implied the correct dose and also maintained the linearity of bubble counts in various acrylic (Polymethylmethacrylate, C 5 O 2 H 8 , ρ 1.19 g/cm 3 , PMMA) thicknesses. Bubble detectors are put beneath various PMMA slabs for X-ray exposure, and hopefully the recorded bubble counts can be reduced to the increase of PMMA thickness. Figure 2 illustrates that bubble count is inverse to acrylic thickness, and thus, implies an acceptable linearity of bubble detector in real measurement.
To confirm the characteristic of bubble linearity to PMMA thickness, five different bubble detectors are inserted into the same layer of the multi-slab PMMA plate for one X-ray image, then the PMMA slabs are stacked up consecutively to change the X-ray attenuated thickness. The bubble detector has length 120 mm, diameter 19 mm and weight 33 g. Thus, 5 bubble detectors can be fully inserted into the tunnels of the PMMA phantom and still laid within the X-ray FOV (Field Of View, 25 × 25 cm 2 ) zone. The bubble is maintained at 21.5°C and the X-ray is set to 55 kV. The measured linear attenuation coefficient, μ (cm -1 ), agrees well with the Fig. 1 . Counts of bubble go markedly with the ambient temperature. The data were averaged from 4 independent counting. theoretical coefficient of 0.256 cm -1 19) Furthermore, the theoretical bubble counts for various PMMA thicknesses are calculated as follows: (3) where C x denotes the theoretical bubble count at PMMA thickness x cm and B(x) represents the buildup correction factor. 20) The buildup correction factor correlates with either PMMA thickness or mean X-ray energy, and the mean energy for attenuated 55 kV X-ray beam is estimated as 42.1 kV. 21) This study also verifies and normalizes the diversity of response for each bubble detector. Table 2 lists the normalized results for 13 bubble detectors. All 13 detectors are positioned in front of the X-ray device and the evaluated data are calibrated to a precisely defined ion chamber dosimeter. The exposure condition is preset to 174 cm SID, 2.2 mAs and 125 kV, and the recorded dose in tissue from the ion chamber (Cardinal Health model 4000M+ SI) with additional probe-head (Fluke Biomedical model 6000-100) is 160 μSv. 
EXPERIMENT
This work assessed the effective dose, E, of diagnostic Xrays for adults of either sex. Each organ or tissue of interest was assigned and analyzed using one or two bubble detectors, and the obtained counts were then calculated to obtain the effective dose based on quantifying the effective dose through each exposed organ or tissue [cf. 
Multi-slab Body Phantom
A multi-slab acrylic (PMMA) body phantom was fabricated to represent the human body. The phantom represented a solid and homogeneous head, neck, chest and abdomen. The phantom was constructed by stacking 12 slabs with total dimensions of 40 × 60 × 14 cm 3 (the dimension for one slab is 40 × 20 × 3.5 cm 3 ) for body and another 4 octagonal slabs with total dimension of 20 × 20 × 14 cm 3 (the dimension for one octagonal slab is 20 × 20 × 3.5 cm 3 ) [cf. Fig. 3 ]. To insert the bubble detector fully inside the phantom, ten tunnels with diameter of 2 cm were drilled through each slab and each tunnel was 2 cm away from adjacent ones. The flexible positioning of the bubble detectors was designed to represent the various organs inside the phantom. The temporarily unused empty tunnels were filled with several 2 cmdiameter solid columns. Figure 3 illustrates the precise position of each bubble detector within the body phantom, and the FOV for either chest PA or abdomen AP is also depicted. All detectors were removed and counted immediately after X-ray imaging.
Specifically, the bubble as represented to thyroid gland was inserted into the bottom center of the first layer of the head phantom. Two bubble detectors laid horizontally outside the PMMA phantom represented the left and right breast, while two bubbles positioned in the upper third of the Large organs such as the liver, spine, and intestine or those that existed in pairs, such as the left and right ovaries, were represented by two independent bubble detectors. Additionally, the bubble detectors representing organs inside either the thoracic or abdominal cavity body phantom were laid horizontally, whereas those representing organs or tissues inside the pelvic cavity were laid vertically, since the slab phantom was stacked by four slabs laid horizontally at the bottom to represent the pelvic cavity, then 2 × 4 slabs were placed above the bottom slabs to represent the thoracic and abdominal cavities as well. The bubbles could easily be inserted in the tunnels penetrating the solid phantom [cf. Figs. 3] .
In-situ X-ray Imaging
Maintaining optimal bubble detector temperature was essential during X-ray illumination as the bubble detectors were heavily influenced by ambient temperature [cf. Fig. 1 ]. The diagnostic X-rays were delivered with a digital Siemens AXIOM~FX from the Department of Radiology, TaiChung Veteran Hospital, TaiChung. The correlated technical parameters were (1) chest PA, 174 cm SID, 125 kV and 2.2 mAs or (2) abdomen AP, 115 cm SID, 55 kV and 6.5 mAs.
DATA ANALYSIS AND RESULTS
Error Treatment
The errors associated with the derived effective dose, E, for various X-ray exposure arrangements were calculated as the square root of the sum of the squares of the individual errors, Δi, as listed in Table 3. 23) The uncertainty for ω T was set to 5% since the weighting factor was normalized in this specific measurement. The error for X-ray power fluctuation was quoted based on the monthly clinical quality assurance (QA) at TaiChung Veteran Hospital, and the internal normalization errors for Bubble detector were quoted from the preliminary survey of each specific bubble, as listed in Tab. 2. The uncertainty resulting from non-tissue equivalence effects for the acrylic phantom was set to 5% since the phantom was constructed entirely from pure PMMA material. 17, 24) Moreover, the density effect is correlated with the variation of soft tissue, rib or spine inside the phantom, and thus may under or overestimates the scattering effect. Additionally, the density effect can be estimated by generating a digital homogeneous or heterogeneous phantom under a similar X-ray exposure field using Monte-Carlo simulation. 25) Eventually, the total error as indicated in this study was obtained mostly from the statistical error in counting which could be effectively suppressed by repeated measurements. Therefore, all the reported data were averaged from four independent trials, and the maximum counting statistical error and total error were 10.4% and 15.4%, respectively. Table 4 lists the effective dose, E, obtained from an actual in-situ X-ray image. Additionally, the dose measured from the ion chamber with probe head is also presented for comparison. The ion chamber dose must thus be placed in various tunnels to determine the HT of individual organs. Consequently, the counting time exceeds ten times that required for the multiple bubble technique.
Effective Dose
Specifically, the ion chamber recorded a value of zero in several points in the case of chest PA exposure, yet the remaining available data were all larger than for data derived from bubbles with the same allocation. One interpretation Each detector has its unique definition in practical X-ray exposure. The FOV (Field of View) size for chest PA and abdomen AP in this study is also obtained herein. Table 3 . The systematic and random errors for the practical evaluation of effective dose, E in this study.
Source
One standard deviation Δi
Others:
ωT (tissue or organ weighting factor) 5% fluctuation of X-ray power 3%
internal normalization of Bubble detector 1.1%-7.4%
non-tissue equivalence effects 5% density effects of PMMA phantom 1.5%-3.8%
Measurement:
bubble counting statistics 6.9%-10.4%
Δtot 10.5%-15.4% may be that the ion chamber was smaller (3.2 c.c.) than the bubble detector (~33 c.c.), and the size difference may cause measurable discrepancies in dose evaluation and play a crucial role in large SID (the SID was set to 174 cm in the case of chest PA case). The LLD (Low Limit of Detectable) for bubble detector was ~2.40 μSv, whereas the LLD for ion chamber was 6 times higher to ~14.4 μSv according to preliminary evaluation for the same X-ray facility. Thus, for some points outside the FOV during X-ray exposure, the ion chamber could barely record the available data, whereas for some points that lay inside the FOV, the high sensitivity of the ion chamber might lead to higher doses being recorded than for bubble detectors. A similar situation existed for abdomen AP position, although the optimal temperature of the bubble detector differed between the chest PA (22°C) and abdomen AP (21.5°C), respectively [cf. Fig. 1 ]. Most bubble detectors adopted in abdominal PA exposure were evaluated as having a higher dose than in the ion chamber.
As clearly displayed in Tab. 4, the effective doses for males exceed those for females in both abdomen AP and chest PA X-ray imaging. Since the testes are exposed while the ovaries are positioned within the abdomen, males should receive higher effective doses of radiation during X-ray than females. The discrepancy between males and females becomes significant in abdominal AP X-ray imaging, since either the short source-to-surface distance or small focal spot are reflected in calculating effective dose for abdomen AP X-ray imaging.
DISCUSSION
Energy Dependence of Bubble Detector
The energy dependence of bubble detector remains controversial. Figure 4 illustrates the energy response of commercialized bubble detector BTI-GAMMA combined with the 55 kV and 125 kV X-ray beam spectra. The bubble detector was maintained at 24°C and adopted Cs-137 radionuclide with single γ-ray peak (662 keV) as the normalized standard for obtaining the energy response of bubble detector from approximately 30 keV to roughly 1200 keV. 26) The attenuated X-ray spectra were experimentally measured by Nogueira, who applied the HPGe detector and a selfdeveloped stripping algorithm to derive the spectra of diagnostic X-ray beam of 50 and 125 kV. 21) Conversely, the bubble detectors in the current study were maintained at either 21.5°C or 22°C [cf. Fig. 1 ]. Further- more, the low ambient temperature of the bubble detectors in this work should hold bubble detectors to be insensitive to X-ray beam exposure since ambient temperature considerably increased the minimum nucleation energy of implanted seeds within the bubble detector. Thus, a comparatively flat energy response of bubble detector could be achieved within 10 to 125 keV. However, the exact energy response of bubble detector at the required ambient temperature requires further investigation to determine the actual correlation. Therefore, the bubble detectors must be operated under an optimal temperature to minimize statistical fluctuation and maximize the reproducibility of bubbles during counting.
Feasibility of applying the bubble technique in evaluating the diagnostic X-ray beam
The initial objective of developing the bubble BTI-GAMMA is to devise an advanced and portable gamma dosimeter for personnel. The detector also represents a reliable tool from the academic or clinical perspectives. However, in applying the bubble technique, the bubble detector must be carefully handled to ensure maintenance of consistency and reproducibility in practical counting. To control and hold the ambient temperature of the bubble detector during counting is both crucial and challenging, since the bubble response is highly temperature sensitive [cf. Fig. 1 ]. The default room temperature at which the survey was conducted was 24°C, and thus the bubble detectors have to be cooled to below 20°C before use. The temperature of the bubble detector then increases steadily at increments of ~0.5°C/min from 20°C to 24°C according to the preliminary test, meaning only approximately 30 seconds are available to accomplish one measurement. Additionally, the total bubble counts must not exceed the largest scale of bubble reader, ~180. The bubble detector thus must be employed in cool conditions before being exposed to high radiation.
The energy dependence of commercial BTI-GAMMA bubble detector remains a problematic issue in real world applications. The bubble detector has to be exposed to various X-ray energies and ambient temperatures to generalize the dose/count correlation, since only limited information can be adopted from the bubble detector manufacture. The BTI-GAMMA is not appropriate as a personal gamma /Xray dosimeter for personnel used outdoors since the variable ambient temperature may significantly change the sensitivity of bubbles, and the indefinable energy of incident X-ray or gamma ray may also create measurable uncertainty. However, when applied in certain specific circumstances, the bubble detector can still contribute indispensably owing to its unique visible count reading. For instance, to use the BTI-GAMMA as personnel dosimeter for clinical X-ray beam in hospital is recommended, since the ambient temperature is steadily controlled and the BTI-GAMMA can be easily carried for either radiologist or patient. Furthermore, bubble detector either cumulated the exposed dose as TLD or visible counts reading as ion chamber still makes its potential application in future.
CONCLUSION
This feasibility study of the bubble technique assessed effective dose for diagnostic X-rays and focused on investigating various detector characteristics. The BTI-GAMMA bubble detector obtained from Bubble Technology Industries was maintained at 21.5°C or 22°C to optimize the counting process since it was highly temperature dependent. The evaluated effective doses for males and females were 66.75 ± 10.23 μ Sv and 66.47 ± 9.89 μSv, respectively, for each chest PA X-ray exposure. The corresponding values for exposure of abdomen AP were 1183.73 ± 124.29 μ Sv and 976.70 ± 120.13 μSv. The bubble detector was only recommended for use in cool and stable environments because low temperature raised the minimum nucleation energy of the bubble seed.
